In his normal locomotor activities man requires a stable view of the outside world in order to perform effectively. For this purpose there are two neural control mechanisms which are responsible for stabilizing the foveal image through the control of eye movements: (1) the vestibulo-ocular reflex, which makes use of information from the vestibular apparatus of the inner ear to drive the eyes in a manner which compensates for the movement of the head even in the absence of vision; and (2) another reflex mechanism which is mediated through the visual system, feeding back information about the relative position and velocity of the visual image on the retina, and thus allowing the eye to track moving objects in the external world. There are two main components of this visually-driven response: the pursuit reflex is generally regarded as a mechanism for centering a small object of regard with respect to the fovea; the optokinetic reflex is recognized as a mechanism which allows the eye to follow large moving visual fields which may have no true fixation target. The ultimate aim of these control mechanisms is to maintain a high level of visual acuity when there is movement in either the outside world, or of the observer. The ability to predict whether visual acuity will be impaired in a particular environment depends upon an understanding of the dynamic characteristics of these control mechanisms, as well as a quantitative description of the motion of the observer and of the relative motion between the visual world and his head. Equally, the interpretation of clinical tests for the visual and vestibular control of eye movement relies on an understanding of the limitations of these responses in normal individuals.
In his normal locomotor activities man requires a stable view of the outside world in order to perform effectively. For this purpose there are two neural control mechanisms which are responsible for stabilizing the foveal image through the control of eye movements: (1) the vestibulo-ocular reflex, which makes use of information from the vestibular apparatus of the inner ear to drive the eyes in a manner which compensates for the movement of the head even in the absence of vision; and (2) another reflex mechanism which is mediated through the visual system, feeding back information about the relative position and velocity of the visual image on the retina, and thus allowing the eye to track moving objects in the external world. There are two main components of this visually-driven response: the pursuit reflex is generally regarded as a mechanism for centering a small object of regard with respect to the fovea; the optokinetic reflex is recognized as a mechanism which allows the eye to follow large moving visual fields which may have no true fixation target. The ultimate aim of these control mechanisms is to maintain a high level of visual acuity when there is movement in either the outside world, or of the observer. The ability to predict whether visual acuity will be impaired in a particular environment depends upon an understanding of the dynamic characteristics of these control mechanisms, as well as a quantitative description of the motion of the observer and of the relative motion between the visual world and his head. Equally, the interpretation of clinical tests for the visual and vestibular control of eye movement relies on an understanding of the limitations of these responses in normal individuals.
In this paper a review of experiments relating to the dynamic characteristics of visualvestibular interaction will be presented; only angular movements of the visual world will be considered since the response to linear accelerations is not fully understood at present.
Vestibulo-ocular reflex
Rotational movements of the head, such as occur naturally during running, walking and visual search manoeuvres, stimulate the ampullary receptors within the semicircular canals of the vestibular apparatus. Rotation of the head to the right induces an excitatory increase in the firing rate from the right lateral canal. The most direct pathway for the transmission of this neural information is via the vestibular nuclei in the brainstem to the contralateral abducens nucleus which thus induces excitatory contraction of the lateral rectus muscle of the left eye.. Inhibitory activity within the left lateral canal and various mechanisms of reciprocal innervation ensure that all the rectus muscles are coactivated to induce a smooth movement of the eye to the left. Thus, the eye is driven in the opposite direction to the head and maintains a stabilized position in space.
The dynamic characteristics of this stabilizing mechanism have now been investigated in a large number of experiments in man (Benson 1970 , Hixson 1974 , Barr et al. 1976 , Wolfe et al. 1978 , Tomlinson et al. 1982 and in other mammals (Keller 1978 , Furman et al. 1979 , Donaghy 1980 , Buettner et al. 1981 . Typical responses of the vestibulo-ocular reflex to controlled sinusoidal oscillation of a turntable in the absence of vision are shown in nystagmus may be observed. It is the slow-phase components of the nystagmus which are compensatory for the movement of the head, the fast-phase eye movements constituting a rapid resetting mechanism. The distinction between these two components may be easily appreciated by differentiation of the eye and head position signals with respect to time. The component of the derived eye velocity trace corresponding to the slow-phase component of the nystagmus is modulated in accord with the head velocity signal, although moving in the opposite direction. At higher frequencies of oscillation there are relatively few fast-phase eye movements. The efficacy of the compensatory response can be characterized by assessing two features of the stimulus/response relationship. One is the gain, or amplitude ratio, between peak slow-phase eye velocity and peak head velocity, which should be unity for perfect compensation. The other is the phase relationship which measures the temporal shift between stimulus and response; this should be zero for perfect compensation. Figure 2 shows the results obtained from several experiments in which these two features of the response have been assessed. At frequencies of oscillation below 0.5 Hz the gain of the response is highly variable and generally less than unity. Experiments have indicated that the gain at these frequencies may be considerably modified by mental set (Barr et al. 1976) . At higher frequencies the gain more closely approaches unity and the phase is 'very close to zero. Natural head movements have predominant frequencies within a band from 0.5 Hz to 3 Hz and it is therefore likely that the system has been optimally adapted for this frequency range. Moreover, as will be indicated later, visually-driven control mechanisms are well able to assist the vestibular reflex at frequencies below I Hz and thus raise the gain to unity when the subject is able to fixate visually an earth-fixed object during oscillation.
The frequency characteristics of the vestibulo-ocular response derived from sinusoidal oscillation can be of significance in the assessment of vestibular function. Very low frequencies of stimulation ( <0.05 Hz) may frequently reveal considerable phase changes in patients with Meniere's disease and other disorders (Wolfe et al. 1978) , whereas a directional preponderance in the peak slow-phase eye velocity is indicative of unilateral loss of vestibular function , Wolfe et al. 1978 .
Pursuit reflex
The need for a system to stabilize the retinal image becomes apparent when one considers the limitations of the reflex mechanisms by which man is able to maintain fixation on a moving object. Of primary importance amongst these mechanisms is the pursuit reflex by which man is able to track moving objects with the eyes alone. However, it is well established (Dodge 1923 , Fender & Nye 1961 , Wheeless et al. 1967 , St-Cyr & Fender 1969 , Young 1971 , Schalen 1980 that the visually-driven response breaks down when either the velocity of target movement is too great (> 40-60°Is) or when the frequency of a directionchanging movement is too high (> 1-2 Hz).
The limitations of the pursuit reflex have been demonstrated by assessing the ability to read a visual display when it is sinusoidally oscillated in the horizontal plane at various frequencies (Figure 3) . At low frequencies the display could be seen without a reduction in acuity, but as the frequency was increased beyond 0.5 Hz the display became progressively more blurred and there was a significant decrease in reading rate compared with that for a static display. In contrast, when the subject was oscillated whilst viewing an earth-fixed display, reading performance was maintained at levels comparable to the static condition, up to a frequency of 8 Hz. The importance of the vestibular reflex is demonstrated by the response of a subject without functioning labyrinths, whose performance during body oscillation was similar to that achieved when the head was stationary and the display was oscillated -a manifestation of the oscillopsia so often experienced by such patients.
Visual-vestibular interaction
There are many practical conditions, particularly those relating to movement in high-speed vehicles, where the compensatory effects of the vestibulo-ocular responses are not appropriate. For example, a subject travelling in a fast-moving car or train is well able to see stationary objects such as signposts, which are outside the vehicle, but may not be able to read a map held in the hand because both man and map are subjected to similar levels and frequencies of vibration. Eye movements, compensatory to the head motion, are no longer The frequency characteristics of visual-vestibular interaction have been assessed in an experiment in which subjects were required to read a display coupled to the head during sinusoidal oscillation about the yaw axis . Reading performance was found to be significantly impaired when the frequency of angular oscillation of the head was greater than 1-2 Hz (Figure 4) . Examination of the eye movements recorded during this reading task indicated that the vestibulo-ocular response was well suppressed at low frequencies « 0.2 Hz), so that the ratio of slow-phase eye velocity to head velocity was reduced from approximately 0.6 in darkness to less than 0.1 during fixation of the head-fixed display. In contrast, at a frequency of 2 Hz the vestibular response was suppressed very little, the gain being only 20% less than that recorded in darkness. When the eye movement was incompletely suppressed the visual image appeared blurred and consequently reading performance was impaired. It is of interest that under such conditions naive subjects, because of the absence of any conscious sense of eye position (Brindley & Merton 1960), interpreted the image movement on the retina as an indication of movement of the display, not of the eye itself.
The range of stimulus frequencies in which the ability to suppress the vestibular response breaks down is similar to that in which the pursuit reflex also becomes ineffective (cf. Figure 2 ). This has led to the suggestion that pursuit and suppression are subserved by similar neurological mechanisms. In order to make a quantitative comparison of pursuit and suppression, it is necessary to make an assumption about the neural processing involved. For some time it has been realized that the most probable source of information which is required to drive the eye in pursuit of a moving target is the difference in velocity between the target and the eye. This is manifest as the relative velocity of the image of the viewed object on the retina. Such retinal error information may be fed back to the oculomotor control centres to drive the eye in a way which will continually try to minimize the velocity error. A similar condition arises when the subject views a head-fixed display during head movement, since any movement of the eye with respect to the head also leads to image movement on the retina. The underlying assumption is that this retinal velocity error provides the driving signal to suppress the vestibulo-ocular response in the same manner that it is used to drive the eye during pursuit. The effectiveness of vestibulo-ocular suppression can be measured as the ratio of the suppressed eye velocity over that which would have been observed in the dark at the same frequency. At low frequencies the suppression ratio is very small but increases to near unity at frequencies above 2 Hz. Similarly, the effectiveness of the pursuit reflex can be assessed as the velocity error expressed as a ratio of target velocity. At low frequencies of target oscillation the error is very small but increases at frequencies beyond 0.5 Hz.
Measurements of the effectiveness of pursuit and suppression have now been compared in two experiments , Barnes 1983b . In both, considerable attention was paid to ensure careful matching of the various stimulus conditions such as the luminance and size of the display and the peak velocity levels of turntable or target movement. Some results from the second of these experiments are shown in Figure 5 . Subjects were exposed to sinusoidal oscillation on a turntable at frequencies between 0.11 and 1.2 Hz whilst viewing a head-fixed display, or to similar oscillation of the same display whilst they were stationary. The experiment was carried out with and without the influence of ethyl alcohol (80 mg/IOO ml blood concentration). In the control condition there was no significant difference between the error in the pursuit response and the amplitude ratio of suppression at any of the frequencies tested, both measures indicating the decline in performance above 0.5 Hz observed previously , Barr et al. 1976 ). However, the most striking feature was that ethyl alcohol degraded the effectiveness of both pursuit and suppression in a precisely similar manner, there being no significant difference between the error in pursuit and the ratio of suppression ( Figure 5 ) at any stimulus frequency. This finding thus lends support to the idea that the mechanisms responsible for suppression of the vestibulo-ocular reflex and the pursuit of moving targets are very similar and almost certainly share some common neural pathways within the brain. Figure 5 . Comparison of the effects of alcohol on the frequency characteristics of pursuit and suppression of the vestibulo-ocular reflex (VOR) during sinusoidal angular oscillation of target or whole body. A: The difference between target velocity and eye velocity (pursuit velocity error) expressed as a rau» of target velocity. Stimulus peak velocity = ± 10 0/s. B: The slow-phase eye velocity during fixation of a head-fixed target (VOR suppression) expressed as a ratio of eye velocity in the dark. Stimulus peak velocity = ± 25' Is giving eye velocity in dark = ± 10-15°/s. NA = control; AL = alcohol
Neurophysiology of visual-vestibular interaction
There is now considerable neurophysiological evidence to support the concept that feedback of retinal error information interacts with the vestibular and oculomotor pathways in a manner which would allow the inhibition of the vestibulo-ocular response. It has become clear that there are two principal pathways of visual-vestibular interaction. These have been referred to as the cortical and sub-cortical pathways, and appear to involve the flocculus and the vestibular nuclei, respectively, as the principal centres of interaction. Several authors have shown that units in the vestibular nuclei which respond to semicircular canal stimulation also respond to movement of a full-field visual scene (Dichgans & Brandt 1972 , Henn et al. 1974 , Waespe & Henn 1977 , Buettner & Buttner 1979 . Waespe & Henn (1977) reported that units within the vestibular nuclei of monkeys responded to both vestibular and optokinetic stimulation, and that the response was attenuated during suppression of the vestibular reflex. However, interaction was not complete. During optokinetic stimulation the response of the vestibular units saturated when the stimulus velocity exceeded 60°Is, whereas the nystagmus reached much higher velocities. The characteristics of the pathway through the vestibular nuclei may be observed in foveate animals after removal of the flocculus, which suggests that the visual input is relayed, at least in part, by a direct brainstem pathway (Keller & Precht 1979 , Cazin et al. 1980 ). This pathway is specifically more sensitive to temporonasal movement of the visual field, the nasotemporal component being provided by pathways through the visual cortex (Wood et al. 1973 , Hoffman 1982 . In patients with loss of the cortical pursuit pathway, such asymmetry is evident in the optokinetic response to monocular stimulation (Honrubia 1979 , Dichgans 1979 . A further feature of the optokinetic response of these patients is a slow build up of nystagmus in comparison with the rapid rise to peak velocity observed in normal subjects.
The cortical pathways are less well known, but almost certainly involve pathways relayed via the visual cortex to the flocculus, probably by way of the inferior olive (Maekawa & Simpson 1973) . Waespe et al. (1981) have shown that a proportion of floccular Purkinje cells in monkeys are activated during both optokinetic stimulation and suppression of vestibular nystagmus. These units respond with a signal proportional to image slip, and their response is much more rapid than units within the vestibular nuclei. These units do not become active until the eye velocity reaches that level at which the vestibular units start to saturate and they do not respond during optokinetic after-nystagmus. On this basis it has been suggested that such units normally act in a complementary manner to the vestibular units and form the mechanism by which the rapid increase in eye velocity is achieved in response to a constant velocity optokinetic stimulus in normal subjects (Raphan et al. 1979) . The input to such Purkinje cells and their destination within the oculomotor pathways have yet to be determined.
Discussion
The results of the experiments described in this paper indicate that there is a great deal of similarity between suppression of the vestibulo-ocular response and pursuit of moving targets, at least for movements in the horizontal plane. This finding is of clinical importance since it suggests that lesions which give rise to a deficit in pursuit should also give rise to a decrement in suppression. In general, clinical evidence appears to support this conclusion (Dichgans 1979 , Halmagyi & Gresty 1979 . However, there have been a number of instances in which the two effects have not been observed in some patients (Chambers & Gresty 1983) and this has cast doubt on the degree of similarity. There remains the possibility, therefore, that despite the similar velocity characteristics, there is some other essential difference between pursuit and suppression.
One of the most important findings which has emerged from these experiments is that any attempt to correlate pursuit and suppression must involve testing at similar stimulus frequencies and amplitudes. In fact, recent experiments have shown that the oculomotor control is subject to considerable non-linearity (Barnes & Edge 1983b ) and, even when stimulus conditions are identical, this could still lead to differences in performance, particularly when high intensity stimuli are used. The nature of the visual target used for fixation during suppression is also of importance. Experiments (Barnes 1982 (Barnes , 1983a have shown that it is not just the foveal area which is important for suppression since lesser effects may be induced by peripherally placed stimuli. Thus, it is essential that in the clinical assessment of vestibular function, all visual information be excluded from the peripheral field. Equally, it has been shown (Stahle 1957 , Baloh et al. 1977 ) that degrading the visual image by the' use of Frenzel's glasses gives a considerable degree of suppression and is therefore not equivalent to the response in darkness. Similar arguments also apply to the monitoring of the pursuit reflex, where the luminance of the viewed display is known to affect performance (Wheeless et al. 1967) , and for the optokinetic reflex, in which the size of the moving visual field makes a considerable difference to the maximum velocity at which the eye can follow a moving stripe pattern (Hood 1967 , Dichgans 1977 .
The results of the experiments described here point to the importance of visual feedback in suppression of the vestibulo-ocular reflex. This is somewhat in contrast to the emphasis which has been placed in recent years on the importance of more central mechanisms, such as efference copy, in oculomotor control (Barr et al. 1976 , Lisberger & Fuchs 1978 , Tomlinson & Robinson 1981 . The effects of central processing were demonstrated by Barr et al. (1976) , who showed that the instruction to the subject could significantly modify the vestibulo-ocular response in the dark. When the subjects were instructed to imagine the presence of a head-fixed target they were able to reduce the gain of the response to a mean level of 0.32 at 0.3 Hz, whereas the instruction to carry out mental arithmetic during the oscillation yielded a mean gain of 0.65. However, it would appear that mental effort, by itself, is not sufficient to bring about optimum suppression, since none of the subjects was able to reduce the gain to the levels achieved during fixation suppression (mean gain 0.05). The results of more recent experiments (Barnes 1982 , 1983a , Barnes & Edge 1983a in which visual information was degraded by presentation of targets only in the periphery or by tachistoscopic illumination of the target, suggest that even when the conceptual effort required to imagine target position was minimal, this was not sufficient for the subject to be able to achieve optimum suppression. The conclusion to be drawn from these experiments is that central mechanisms are clearly able to bring about a considerable degree of modification of the vestibulo-ocular response, but that continuous visual feedback is essential in order to achieve the optimum level of suppression.
